abstract: Flexibility of digestive features can be understood considering the benefits of digestion, which links animal foraging to metabolizable energy and nutrient gain, and its costs, which are partly indexed by digestive tract tissue mass, one of the most expensive to maintain in terms of energy and protein metabolism. In this article, we applied a meta-analytical approach to current data on rodents' small intestine length flexibility to evaluate the climatic variability hypothesis (CVH). This hypothesis states the following: (1) as the range of climatic fluctuation experienced by terrestrial animals increases with latitude, individuals at higher latitudes should be more flexible to persist at a site; (2) the greater phenotypic flexibility allows species to occupy more habitats and to become more widely distributed. We compiled data from 25 articles, which provided a total of 86 estimations of flexibility involving 20 rodent species. Consistent with CVH predictions, we found a positive correlation between small intestine length flexibility and latitude and between small intestine length flexibility and the number of habitats occupied by different species. When seen from the perspective of digestive physiology, our analysis is an important piece of evidence on the adaptive value of digestive flexibility in small mammals.
Phenotypic plasticity (i.e., the ability of a genotype to produce distinct phenotypes when exposed to different environments) comprises a central concept in the understanding of how organisms interact with their environment and thus a central topic in the ecological and evolutionary research agenda (Pigliucci 2005) . A particular case of phenotypic plasticity is phenotypic flexibility, which refers to reversible change in organism traits due to changes in internal or external environmental conditions (Piersma and Drent 2003) . In the past 2 decades, empirical evidence showed that phenotypic flexibility met all the conditions required to be selected for (Scheiner 1993 (Scheiner , 2002 Pigliucci 2001 Pigliucci , 2005 . Hence, the environmental modification of an organism's physiology and structure to changing conditions is often hypothesized to be a response that increases biological performance.
Flexibility of digestive features, such as enzymatic activity, nutrient uptake rates, and gut size, has been the focus of many studies throughout the past century (for review, see Karasov and Diamond 1983; Starck 1999; McWilliams and Karasov 2001; Naya and Bozinovic 2004; Naya et al. 2007) . Because the gut represents the functional link between foraging (energy intake) and the energy available for survival, growth, and reproduction (Karasov 1990; Secor 2001) , it might be expected that animals adjust their digestive attributes to changes in food availability and/or quality in order to maximize overall energy return (Sibly 1981) . Also, the digestive tract tissue is one of the most expensive to maintain in terms of energy and protein metabolism (Cant et al. 1996) , and, consequently, adjusting the amount of this tissue to the functional demand could represent an important energy-saving mechanism.
For the particular case of rodents, dozens of studies on small intestine size flexibility of wild species were performed during the past 2 decades. This was coincident with the development of optimal digestion models (Sibly 1981; Penry and Jumars 1987) , which provide a clear theoretical framework in which to interpret digestive adjust- were collected or captive colonies originated. Points marked with an asterisk refer to studies that reported the region but not the specific locality where animals belong; in these cases we used the geographical coordinate of the institution where animals were analyzed. In addition, we also ran the analyses using the middle point of each area (instead of the locality of the institution), but obtained results did not differ from those reported in the text. Sources: 1, Thomomys bottae (Loeb et al. 1991) ; 2, Mus musculus (Kristan and Hammond 2003) ; 3, Clethrionomys gapperi, Microtus pennsylvanicus, Microtus longicaudus, and Phenacomys intermedius (Norrie and Millar 1990) ; 4, Peromyscus maniculatus (Green and Millar 1987) ; 5, Microtus ochrogaster (Gross et al. 1985; Hammond and Wunder 1991; Hammond 1993) ; 6, P. maniculatus (French and Porter 1994) ; 7, Peromyscus leucopus and P. maniculatus (Derting and Noakes 1995); 8, M. ochrogaster and M. pennsylvanicus (Young Owl and Batzli 1998) ; 9, P. maniculatus (Hammond and Kristan 2000) ; 10, P. leucopus (Derting and Hornung 2003) ; 11, Microtus pinetorum (Derting and Austin 1998) ; 12, Abrothrix andinus (Bozinovic et al. 1988 (Bozinovic et al. , 1990 and Phyllotis darwini (Sabat and Bozinovic 2000) ; 13, Akodon azarae (del Valle et al. 2006 ); 14, Clethrionomys glareolus and Arvicola terrestris (Lee and Houston 1993, 1995) and Microtus agrestis (McDevitt and Speakman 1994; Lee and Houston 1995) ; 15, A. terrestris (Woodall 1989) ; 16, Apodemus agrarius (Brokowska 1995) ; 17, Otomys sloggetti (Schwaibold and Pillay 2003) ; 18, Meriones unguiculatus and Microtus brandti (Pei et al. 2001a (Pei et al. , 2001b . ments as a response to changing environmental conditions. In addition, during the past 2 decades, there was a progressive recognition of some attributes of rodents that made them an attractive model in which to study digestive flexibility (Demment and Van Soest 1985; Hume 1989; Justice and Smith 1992; Cork 1994) . First, the way by which food intake rate and gut volume scale with body mass (approximately 0.75 and 1.0, respectively) determines that to cope with changes in food intake, a potential buffer capacity of the gut decreases with body size; hence, gut size adjustments should be more relevant in small-sized species. Second, in general terms, rodents have high massspecific metabolic rate (because of their small body size), and thus, energy-saving mechanisms have a great value in these species. Third, many rodent species occur in highly variable environments and consume diets of poor quality and/or in which quality markedly changes between seasons.
In this article, we applied a meta-analytical approach to current data on rodents' small intestine length flexibility to evaluate the climatic variability hypothesis (CVH; Janzen 1967; Stevens 1989; Gaston and Chown 1999 ; see also Dobzhansky 1950) . This hypothesis states the following: (1) as the range of climatic fluctuation experienced by terrestrial animals increases with latitude (or altitude), individuals at higher latitudes (or altitudes) require a broader range of tolerances to persist at a site; (2) the broader range of tolerance allows species to occupy more habitats and to become more widely distributed. Given that the range of tolerance of an organism is related to its mechanisms of phenotypic flexibility, the CVH implies that physiological flexibility should increase with latitude and references therein). Thus, we specifically aimed to test whether there was a positive correlation among small intestine length flexibility and (i) geographical latitude, (ii) climatic variability, and (iii) the number of habitats occupied by different species.
Methods

Database Description
We selected the small intestine for the analyses because this digestive organ is the major organ responsible for energy and nutrient absorption (Karasov and Hume 1997) . Moreover, changes in digestive capacity in response to changing intake level are achieved mainly by reversible changes in small intestine gross morphology (Karasov and McWilliams 2005) . Regarding the morphometric level of analysis, we selected changes in small intestine length over changes in small intestine mass because much more data on flexibility were found for the former variable. We found a total of 25 studies, published between 1985 and 2006, that reported a total of 86 morphological comparisons for 20 rodent species ( fig. 1 ). Table A1 (available as an Microsoft Excel data file or as a tab-delimited ASCII data file) provies raw data used in the analyses, including species body mass and trophic category, geographical latitude, climatic variability data, list of habitats occupied for each species, and small intestine length flexibility values. We did not include in the database studies that compared small intestine length between populations of the same species (e.g., Hansson and Jaarola 1989; Corp et al. 1997 ). In addition, to avoid any size-related problems, such as a scaling relationship between flexibility and body mass, we chose an arbitrary body size upper limit of 300 g and excluded those studies performed on animals of greater size (e.g., Virgl and Messier 1992) .
For each comparison, we recorded from the original articles the geographical coordinates for where animals were collected or for where the captive colony originated, the methodological approach followed by the authors (experimental or observational), the tested or supposed cause of flexibility (temperature or diet quality for experimental studies and season or reproductive state for observational studies), the species' food habit (omnivorous, granivorous, or herbivorous), and the specimens' body masses (table  A1 [Excel data, ASCII data]). In addition, we obtained the number of habitats occupied by each species from the University of Michigan Museum of Zoology (http:// animaldiversity.ummz.umich.edu/) and from Walker's Mammals of the World (Nowak 1999 ; table A1 [Excel data, ASCII data]). Finally, for each geographical point, we obtained data on two measurements of climatic variability: temperature annual range (the difference between maximum temperature of the warmest month and minimum temperature of the coldest month) and temperature seasonality (standard deviation of the mean monthly temperature). Climatic data were obtained from Diva-Gis (http://www.diva-gis.org/climate.htm; table A1 [Excel data, ASCII data]).
Statistical Analysis
We first calculated the small intestine length flexibility (d) as an unbiased standardized mean difference (the Hedges's difference; i.e., the difference between experimental and control group means expressed in units of pooled standard deviation and corrected for small-sample bias) and then calculated its associated variance for each one of the 86 comparisons (table A1 [Excel data, ASCII data]). Given that we define an a priori direction for the expected change in small intestine length on the basis of optimal digestion models' predictions (Sibly 1981; Penry and Jumars 1987) , negative values of flexibility can be obtained if the control mean is greater than the experimental group mean. Thus, negative flexibility values indicate that observed changes are opposite the optimal models' expectations or, given their low frequency and absolute value, are much more likely to be noise around nonflexibility. However, as a precaution regarding our use of negative values of flexibility, we also performed analyses (not shown) replacing those values with values of 0, and our main conclusions did not change. To avoid a problem of lack of independence as a result of the fact that most studies report more than one comparison, we reduced the original data set to one value (mean and maximum flexibility) for each species, locality, cause of flexibility, and study combination. This yielded two reduced data sets, one for the mean and another for the maximum flexibility of 38 independent comparisons. In addition, to avoid a problem of overrepresentation of some species, we further condensed the original data set to unique values (mean and maximum flexibility) for each species. This yields two additional data sets, one for species mean and another for species maximum flexibility, each with 20 comparisons. After that, we estimated the cumulative small intestine length flexibility for each level of a factor (E; a weighted average of Hedges's differences) and its confidence interval for an a value of 0.05 by using a bootstrapping procedure with 1,000 iterations. Differences in cumulative flexibility among levels of a factor were evaluated using random-effects meta-analytical models plus heterogeneity tests (see Rosenberg et al. 2000; Gurevitch and Hedges 2001) . Because we found no categorical structure of the data (see "Results"), we pooled all the comparisons to evaluate the relationship between small intestine length flexibility and body mass, geographical latitude, climatic variability, and the number of habitats occupied by each species. For this last purpose, we used random-effects meta-analytical models with continuous predictor variables (see Rosenberg et al. 2000; Gurevitch and Hedges 2001) . Note that in both continuous and categorical meta-analytical models, total heterogeneity (Q T ) is decomposed into the heterogeneity explained by the model (Q M ) and error heterogeneity (Q E ) in a fashion similar to that in a regression analysis or in a one-way ANOVA. Both Q M and Q E can be tested against a x 2 distribution with df for Q M and df for Q E (where m Ϫ 1 n Ϫ m n is the number of comparisons and m the number of levels). These analyses were conducted using MetaWin, version 2.0 (Rosenberg et al. 2000) . In addition, we evaluated the correlation among pairs of variables through the method of phylogenetically independent contrasts (Felsenstein 1985) . For that propose, we used the phylogenetic tree published by Lovegrove (2003) and some additional information (Martin et al. 2000; Huchon et al. 2002) . Given that real branch lengths were not available for the entire phylogeny, we considered two types of arbitrary branch lengths: constant (all branches equal to 1; fig. A1 , left) and that proposed by Pagel (1992;  fig. A1, right) . To test hypotheses with independent contrasts, we followed a conservative approach subtracting 1 df for each unresolved branch (Purvis and Garland 1993; Garland and Díaz-Uriarte 1999) . Phylogenetic analyses were performed using COMPARE, version 4.6b (Martins 2004) .
Results
We did not find differences in small intestine length flexibility among methodological approaches, causes of flexibility, or species' food habits ( ). For our data set, r p 0.14 F p 0.67 df p 1, 36 P p .42 there is no correlation between latitude and temperature annual range ( fig. 2A, solid line) or between latitude and temperature seasonality ( fig. 2B, solid line) . However, these results are due to the points located in Europe (specifically in Britain and Poland), which, probably because of the influence of oceans on their climates, are markedly stable for their latitudes. Accordingly, when these points are removed from the analyses, a markedly positive correlation between latitude and temperature variability is observed ( fig. 2, dashed lines) .
In agreement with CVH predictions, we observed a highly significant positive relationship between latitude and small intestine length flexibility ( fig. 3 ) and also between small intestine length flexibility and the number of habitats occupied by different species (fig. 4) . A correlation between small intestine length flexibility and temperature variability was also observed but only after removing the points corresponding to Europe (table 2) . Results from phylogenetically informed analyses are similar to those obtained from conventional methods (table 3). The major difference between the approaches was that in phylogenetic analyses, the correlation between number of habitats and small intestine length flexibility was greater than in conventional analyses.
Discussion
Although diversity in physiology is well known among animals, it is remarkable that few analyses exist concerning the effect of global geographic differences on the physiological responses of animals (Spicer and Gaston 1999; Chown and Nicolson 2004) . These analyses may explain how physiological traits are affected by environmental variables and thus may give insights on the evolutionary process underlying biological diversity (Chown and Nicolson 2004 ). Here we used, for the first time, modern metaanalytical tools to evaluate latitudinal pattern in physiological flexibility. Our estimations of phenotypic flexibility consider not only the difference between environment means but also the variance existing within each environment.
Historically, the CVH has been evaluated from two different perspectives. The first perspective is based on the ecological patterns (at the population and community levels) that are expected to emerge from it. For example, as predicted by the CVH, it was observed that both species distributional range (Rapoport 1975; Stevens 1989; France 1992) and similarity in species assemblage composition along altitudinal gradients (Huey 1978 and references therein) decrease with latitude. In addition, for some mammalian species, a positive correlation between temperature variability and distributional range size (Pagel et al. 1991; Letcher and Harvey 1994) and between latitude and the number of habitats occupied by different species (Pagel et al. 1991; Hernández and Vrba 2005) has been observed. From a second perspective, the CVH has been evaluated, as in our case, through the comparison of phenotypic flexibility between different populations and species along latitudinal gradients. These studies, mainly re- 
Figure 4:
Relationship between small intestine length flexibility and the number of habitats occupied for each species considering all the comparisons (A), considering the mean flexibility value for each species/locality/study/cause combination (B), and considering the maximum flexibility value for each species/locality/study combination (C). Small intestine length flexibility is expressed as the difference between control and experimental group means in units of pooled standard deviation and corrected for small sample bias (the Hedges's difference). Lack of data on Microtus brandti habitats excludes one comparison from the large data set and another from the reduced data set. .20 1.8 28
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Note: Removing the points corresponding to Europe excluded 19 comparisons from the large data sets and eight from the reduced data sets.
stricted to the analysis of thermal tolerance in ectothermic species, usually demonstrate an increase in phenotypic flexibility with increasing latitude (e.g., genus Drosophila [Levins 1969; Kimura 1988; Hoffman and Watson 1993] , insects [Addo-Bediako et al. 2000] , amphibians [Snyder and Weathers 1975] , and lizards [van Berkum 1988; Cruz et al. 2005] ).
However, it should be noted that evidence supporting the CVH predictions is controversial. First, the generality of the predictions at the populational and community levels has been debated vigorously, especially the decrease in species' distributional ranges with latitudes lower than ∼20Њ (see Rohde et al. 1993; Rohde 1996; Gaston et al. 1998; Gaston and Chown 1999) . Second, at the organismal level, some studies did not find a correlation between the amount of environmental thermal variability and flexibility between populations and/or species of the same genus (e.g., Brown and Feldmeth 1971) or between phenotypic flexibility and latitude for different populations of the same species (e.g., James et al. 1997) . Several factors have been proposed to explain these results, such as gene flow between populations, high costs associated with phenotypic flexibility, and the fact that animals are able to select their microenvironment(s) in a way that avoids climatic variability (Yamamot and Ohba 1983; James et al. 1997; Guralnick 2006) . Finally, in some cases, such as in sex determination, it may be expected that temperature variability promotes an increase in genetic determination, more than in an increase in developmental plasticity (Lagomarsino and Conover 1993 and references therein).
In this study, we found correlational evidence for predictions of the CVH in both conventional and phylogenetic analyses. Specifically, we found a positive correlation between latitude and small intestine length flexibility and between small intestine length flexibility and the number of habitats occupied by each species. We also observed a correlation between small intestine length flexibility and temperature variability, but in this case, the relationship was weaker. Thus, our data are consistent with the CVH and indicate that latitude is a better predictor of physiological flexibility than is climatic variability, a fact that is in agreement with some previous findings. For example, Letcher and Harvey (1994) reported that latitude is a better predictor of Palearctic mammal distributional range sizes than is temperature variability. Moreover, analysis of recent data on global-scale patterns of small mammals' metabolic rates shows that latitude explains more variance than do specific climatic variables (Speakman 2000; Rezende et al. 2004) . In this regard, it was proposed that (i) latitude could be a better predictor of long-term regimens of climatic variables than could contemporary records of weather stations and (ii) latitude is correlated with several other ecologically relevant factors, such as day length and environmental productivity, in addition to climatic variables (Rezende et al. 2004) . We agree with these ideas and note that latitude is also related to several historical factors, such as the number of available habitats (Pagel et al. 1991) and biogeographical boundaries (Gaston et al. 1998) , which can affect organism traits. Indeed, for the particular case of small intestine length flexibility, we add another potential explanation: the fact that basal metabolic rate increases with increasing latitude (Speakman 2000; Lovegrove 2003; Rezende et al. 2004 ) could determine that animals at higher latitudes require greater amounts of digestive flexibility to continuously cope with greater energetic demands.
On the other hand, gut size flexibility has been suggested as one of the most important physiological adjustments to cope with changes in internal and external environmental conditions (Piersma and Lindstrom 1997) . In this vein, it is widely known that when animals have to cope with an increase in energy demands (e.g., during the cold season or during lactation) or a decline in the quality (e.g., metabolizable energy) of the diet consumed, they compensate by increasing the amount of food ingested (Batzli et al. 1994; Speakman and Krol 2005) . As expected from optimal digestion models (Sibly 1981; Penry and Jumars 1987) , this increase in food intake is usually followed by an increase in gut dimensions (Karasov and Hume 1997) . This way, animals are more able to maintain a constant coefficient of digestibility at increased levels of food consumption. The match between function and induced morphology, together with the congruence between empirical data and optimal digestion models, supports the idea that gut size flexibility is an adaptation (see Karasov and McWilliams 2005) . However, identifying a correlation between environments and different phenotypes that are products of flexibility is just one step in the demonstration of the adaptive value of phenotypic flexibility. Testing the adaptive value of flexibility also requires demonstration that the phenotype evoked by each environment has higher relative fitness than do the alternative ("wrong") phenotypes (Thompson 1991; Dudley and Schmitt 1996) . The problem is that flexibility, when adaptive, precludes by itself the expression of the "wrong" phenotypes in each environment. Hence, a final test of the adaptative flexibility hypothesis might be to artificially extend the range of phenotypes within environments (i.e., phenotypic and/or genetic manipulation of the focal trait), which is a highly problematic issue for most organism traits (see Schmitt et al. 1999) . To tackle this problem, at least partially, it has been suggested that between-species comparative studies can be of great importance in evaluating the adaptive value of phenotypic flexibility (Doughty and Reznick 2004) . Specifically, if flexibility has an adaptive value, it should be expected to be reflected in an interspecific correlation between the amount of flexibility and the factors that cause it. This pattern of variation is precisely what we reported here for gut size flexibility. Thus, when seen from the perspective of digestive physiology, our study represents an important piece of evidence on the adaptive value of gut size flexibility in small mammals.
Studies of phenotypic variation expressed by single organisms have been of central interest to much physiological research but have remained underexploited in evolutionary biology (Piersma and Drent 2003) . In this context, this study shows how meta-analysis of current data on phenotypic flexibility can illuminate patterns in physiological ecology and evolution.
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